). The location of the enzyme peptide concentration was increased to a 1:10 proteinpeptide molar ratio (with ‫5ف‬ mM peptide), resonance active site is marked by the conserved phosphatase signature sequence HCXXXXXR (residues 256-263) in perturbation of the protein was still very small and limited to a few residues (data not shown). NMR titrathe ␤6-␣3 loop ( Figure 2C ), where C257 is the enzymatic nucleophile and R263 coordinates with the phosphate tion with a shorter ERK2 peptide (residues 177-189, DHTGFLpTEpYVATR), in its mono-or bis-phosphorygroup on phosphotyrosine or phosphothreonine. The conserved D226, which corresponds to D262 in MKP-3 lated form, showed similarly weak interactions with the phosphatase domain. As NMR can detect weak, but and is believed to serve as a general acid by donating a proton to phenolic or hydroxyl oxygen of the leaving specific, protein-ligand interactions (K d of M to mM), these observations may be explained by two reasons:
group of a substrate [31], resides in the so-called general acid loop connecting ␤5 and ␣2 ( Figure 2C ). (1) the synthetic ERK2 peptide loses its geometric conformation adopted in the ERK2 protein that is required While the overall fold of the PAC-1 phosphatase domain structure is very similar to the structure of the for enzyme-substrate binding, and (2) the active site conformation of the phosphatase domain alone is al-MKP-3 phosphatase domain determined by X-ray crystallography [27] , differences of structural elements do tered as compared with the full-length PAC-1 and, thus, not suited for stable enzyme-substrate complex forexist between the two structures ( Figures 2C and 2D ). For instance, ␣1, which is packed antiparallel to the mation.
To test these possibilities, we performed an in vitro central strands on one side of the ␤ sheet in PAC-1, is one turn shorter in the crystal structure. Conversely, ␣4, binding assay using recombinant and purified GST fusion PAC-1 and dual-phosporylated ERK2 proteins. As which forms three turns in the crystal structure, has only two turns in the NMR structure, the latter of which is shown in Figure 1C , the phosphatase domain of PAC-1 (residues 170-314 or 127-314) exhibited no detectable followed by a long and flexible ␣4-␣5 loop. The relative orientation of ␣5 with respect to the active site helix ␣3 binding to ERK2 (lanes 5 and 6), whereas binding of the full-length PAC-1 to ERK2 was comparable to that of is also different-it is ‫03ف‬Њ in the MKP-3 structure and ‫57ف‬Њ in the PAC-1 structure. Another notable structural MKP-3 (lanes 4 and 7). These results substantiate our NMR titration results and argue that the active site condifference is the location of the ␤5-␣2 loop, which contains the catalytically important residue D226. In the formation of the phosphatase domain of PAC-1, in the absence of the kinase binding domain, is not optimal crystal structure of MKP-3, the equivalent D262 is disengaged from the other catalytic residues by over 10 Å . for substrate recognition and that the full-length PAC-1-ERK2 association results from the phosphatase domain On the basis of this distinct structural feature, it was suggested that a major conformational rearrangement binding to the dual-phosphorylation site in ERK2 and/or the kinase binding domain interaction with ERK2 in rewould have to take place in order to bring the catalytic residues together for full enzymatic activity in catalysis gions other than the phosphorylation site.
While the phosphatase domain does not bind to the [27] . However, in PAC-1, the corresponding loop containing D226 appears closer to the phosphatase signa-ERK2 peptide, it interacts with phosphate, which is a competitive inhibitor for the enzyme. Interestingly, the ture sequence ( Figure 2C ). This striking structural difference could be, in part, due to differences in the buffer protein gives rise to excellent NMR spectra in a buffer containing low, but not high, phosphate concentration conditions in the two structural studies (see below).
showing the relative amount of the ERK2 protein bound to PAC-1 and MKP3 proteins on the GST column in each binding experiment. The right panels are Western blots with anti-ERK1/2 or anti-ACTIVE ERK1/2 antibodies (Promega), demonstrating that the recombinant ERK2 protein used in this study was dual phosphorylated on T183 and Y185 in the activation loop. PC12 cell extracts with or without treatment of nerve growth factor (NGF) (lanes 10 and 11) (Promega) were used as positive or negative controls, respectively. Analysis of surface electrostatic potential shows that substrate analogs. Remarkably, addition of phosphate the enzyme active site is located at one end of a surfacecauses extensive portions of the enzyme (more than just exposed channel lined by the ␣4-␣5 loop on one side the active site region) to exhibit major backbone amide and the ␤2-␣1 and ␤6-␣3 loops as well as the interdoresonance changes ( Figure 3A) , implicating a global main linker sequence (N-terminal to ␤1) on the other structural alteration. This phosphate-dependent global side ( Figures 2C and 2F) . In addition to R263 at the structural perturbation is possibly due to phosphate active site, a group of positively charged residues, K288, binding to more than just the active site and may explain R290, and R291, are clustered at the other end of this the marked differences of the structural elements, i.e., crevice, suggesting another binding site for the phosthe ␤5-␣2 loop, between the NMR structure of PAC-1 phorylated residue(s) in ERK2. The back surface of the and the crystal structure of MKP-3, which were deterenzyme, opposite to the active site (the front surface), mined in a 5 mM phosphate buffer of pH 6.5 and in a is also distinctively polarized ( Figure 2E ). Surface-100 mM Tris buffer of pH 8.2 containing 2.5 M NaCl, exposed residues R218, K247, R252, R276, R277, and respectively. R279 form a continuous and positively charged patch Unexpectedly, the major perturbed residues upon adthat is surrounded by a strip of negatively charged residition of p-nitro-phenyl phosphate (pNPP), which mimdues, including E175, D190, E231, D281, E282, D285, ics phosphotyrosine, are clustered mostly in ␣3, ␣4, and and E308. This distinctive structural feature suggests the ␤2-␣1 loop instead of at the active site between ␤6 that this is a potential site for protein-protein interaction.
and ␣3 (Figure 3B ). This result argues that the PAC-1 active site, when bound to phosphate, is in a closed state (see below) and that the positively charged cavity Substrate Binding To characterize the active site, we conducted NMR titracomprising K288, R290, and R291 is a site (other than the active site R263) that binds to one phosphorylated tion of the phosphatase domain with small molecular residue in EKR2. The latter seems to agree with the condition, showed little or negligible spectral changes upon addition of phosphorylated tyrosine (data not surface electrostatic potential of the molecule ( Figure  2F ). Since phosphotyrosine of the dual-phosphorylated shown). It is important to note that the single-phosphorylated amino acids used in the NMR titration with the ERK2 has been shown to be dephosphorylated first [25], it is conceivable that this newly discovered phosphate phosphatase domain were not ideal because of their positively charged amino, and negatively charged carbinding site is for phosphothreonine recognition. These results suggest direct and possibly simultaneous recogboxyl, groups, which could interfere with enzyme and substrate recognition. Another possibility is that, even nition of both phosphotyrosine and phosphothreonine at the active site of PAC-1. when bound to phosphate, the active site of PAC-1 is still structurally disengaged for coordinating a substrate Why does pNPP not bind to the enzyme active site? One possibility is that, when bound to phosphate, the for catalysis. A full substrate engagement would require conformational rearrangement of the enzyme active site active site is locked in a closed state, thus preventing it from binding to pNPP (K D of ‫5ف‬ mM, as estimated by through interactions between the two functional domains of PAC-1. NMR titration). This explanation is consistent with the observations that (1) the ␤5-␣2 loop is closer to the active site in the NMR structure (a closed state) than in
Interdomain Interactions
To address how the N-terminal kinase binding domain the crystal structure (an apo state), (2) residues perturbed by phosphorylated threonine titration are in reaffects the active site conformation of the C-terminal phosphatase domain, we examined interdomain intergions similar to those perturbed by pNPP binding (Figures 3B and 3C), and (3) the enzyme, under the same actions. Because of the very low protein expression residues 170-314) . Note that the relatively low amount of urea, which showed no significant effect on the protein structure, as supported by NMR spectra, was used to stabilize the protein during NMR data collection.
level of the PAC-1 kinase binding domain, but its high
The two MKP domains, although composed of compact tertiary structures, are highly dynamic in solution. sequence identity to that of MKP-3 (51% identity and additional 19% similarity), we used the N-terminal doFor instance, the phosphatase domain of PAC-1 is in a stable conformation in a 5 mM sodium phosphate buffer main from MKP-3 (residues 1-154) and the C-terminal domain from PAC-1 in the NMR binding study. The key of pH 6.5, as illustrated by its excellent 15 N-HSQC spectrum (uniform and narrow line width of protein amide contact points between these two functional domains, as revealed from the NMR titration, are localized on one resonance peaks) ( Figure 4A ). However, the protein resonances become significantly broadened when the side of the phosphatase domain, away from the active site, involving ␤4, ␣2, and ␣5 ( Figure 3D ). To determine phosphate concentration is increased to 100 mM ( Figure  4B ), indicating that the protein exists in multiple conforthe role of the interdomain linker sequence, we further compared NMR spectra of PAC-1 consisting of residues mations that undergo an intermediate to fast exchange on the NMR timescale. Likewise, conformation of the 131-314 and 170-314. Binding of the linker sequence appears to occur on the back side of the phosphatase kinase binding domain of MKP-3 is also dependent on buffer ionic strength-it is more stable in a high-ionic domain, almost directly behind the active site, involving ␣4, ␣5, ␤1, and ␤2 ( Figure 3E) . Residues in the phosphastrength buffer than in a low-ionic strength buffer (Figures 4D and 4E ). This buffer ionic strength dependence tase signature sequence of the ␤6-␣3 loop and in ␣3 are also perturbed. These results confirm that the domainof conformational heterogeneity is reversible and was significantly diminished when the two domains were domain interactions, via their linker sequence, may directly affect the active site geometry of the MKP.
brought together (Figures 4C and 4F tween the two MKP functional domains are coupled to their functions.
NMR Spectroscopy
All NMR spectra were acquired at 25ЊC on a 600 MHz or 500 MHz
Biological Implications
Bruker DRX NMR spectrometer. 1 H, 13 
